Experimental autoimmune encephalomyelitis (EAE) is an animal model of demyelinating autoimmune disease, such as multiple sclerosis (MS), which is characterized by central nervous system white matter lesions, microglial activation, and peripheral T cell infiltration secondary to blood-brain barrier disruption. We have previously shown that treatment with tuftsin, a tetrapeptide generated from IgG proteolysis, dramatically improves disease symptoms in EAE. Here, we report that microglial expression of Neuropilin-1 (Nrp1) is required for tuftsin-driven amelioration of EAE symptom. Nrp1 ablation in microglia blocks microglial signaling and polarization to the anti-inflammatory M2 phenotype, and ablation in either the microglia or immunosuppressive regulatory T cells (Tregs) reduces extended functional contacts between them and Treg activation, implicating a role for microglia in the activation process, and more generally, how immune surveillance is conducted in the CNS. Taken together, our findings delineate the mechanistic action of tuftsin as a candidate therapeutic against immune-mediated demyelinating lesions.
Introduction
Multiple sclerosis (MS) and its animal model experimental autoimmune encephalomyelitis (EAE) are characterized by progressive demyelination and degeneration of central nervous system (CNS) neurons (Swanborg 1995) . The course of MS/EAE is strongly affected by microglia (Raivich and Banati 2004) , which are capable of polarizing into pro-and antiinflammatory subsets known as M1 and M2. Classically-activated M1 microglia release proinflammatory cytokines associated with increasing disease severity, while alternatively-activated, anti-inflammatory M2 microglia suppress ongoing severe EAE symptoms (Mikita et al. 2011 ) and promote recovery (Kigerl et al. 2009 ). (Kohm et al. 2002) and are critical in attenuating MS/EAE symptoms. Tregs differentiate in response to TGFβ (Glinka and Prud'homme 2008) , and once activated, disrupt the function and activation of other immune cells including helper T cells, B cells (Miyara and Sakaguchi 2007) , and microglia (Reynolds et al. 2007) . Antigen presentation by innate immune cells is an essential component of T cell activation and functional modulation (Almolda et al. 2011) . In the periphery, interaction of Tregs with dendritic cells (DC) is required for their activation (Tarbell et al. 2006) . While dendritic cells are a robust population of antigen-presenting cells (APCs), they are rarely found within the CNS parenchyma in the healthy state, although they can be detected in vascular-rich areas such as the meninges and the choroid plexus, and infiltrate the CNS during EAE (McMenamin 1999) . Thus, within the uninjured CNS, it is the microglia that function as MHC II-expressing APCs (Olson et al. 2001; Wlodarczyk et al. 2014) . CD4 + Foxp3 + Tregs were recently found to be present in the physiological CNS (Olmos-Serrano et al. 2010) , and upon injury, to interact with microglia in an antigenspecific manner (Ebner et al. 2013) to dampen the inflammatory environment (Chen et al. 2014) .
Regulatory T cells (Tregs) function as immunosuppressants
Initial work in our laboratory demonstrated that modulation of the microglial activation state affects EAE severity and duration (Bhasin et al. 2007 ). In particular, the microglial activator tuftsin was shown to decrease EAE symptom severity and dramatically improve recovery. Tuftsin is a naturally-occurring tetrapeptide (threonine-lysine-proline-arginine) which readily crosses into the CNS (Bonfoco et al. 2000) that has been shown to increase phagocytic activity in a variety of cells of monocytic origin, including macrophages and microglia, and can stimulate cell migration, chemotaxis, and respiratory burst (Siemion and Kluczyk 1999) . When administered to immature bone marrow cells, tuftsin strongly promoted the development of macrophage-lineage cells (Babcock et al. 1983 ). Most importantly, tuftsin administration to macrophages in the presence of splenic T lymphocytes promoted the antigen presenting capabilities of cells of monocytic origin (Tzehoval et al. 1978) . We also showed that tuftsin functions under activating conditions by promoting a microglial shift towards the M2 phenotype in vitro, which then promotes polarization of T cell populations towards anti-inflammatory subsets (Floriddia et al. 2012) . Tuftsin, which has been reported to bind to several different receptors, specifically stimulates microglia through the receptor Nrp1 and the canonical TGFβ signaling pathway (Nissen et al. 2013 ). These findings suggested that microglial modulation by tuftsin through Nrp1 underlies the beneficial effects of tuftsin in EAE.
Nrp1 plays an important role in the initiation of primary immune responses in the periphery by facilitating interactions between DCs and Tregs (Tordjman et al. 2002) through homotypic binding of Nrp1 in trans (Sarris et al. 2008) . Nrp1 is typically expressed by Tregs but not other T cells (Bruder et al. 2004 ); overexpression of FoxP3, a Treg transcription factor, in naïve T cells, causes them to express Nrp1 (Bruder et al. 2004; Sarris et al. 2008 ). These observations raised the possibility that Nrp1 might similarly mediate extended contacts and functional interactions between Tregs and microglia.
Many molecules are involved in the functional interaction between T cells and APCs, especially in the periphery where DCs are the primary APCs. The contact zone between these cells is often referred to as the "immunological synapse" (Friedl et al. 2005) . It has been shown that immature DCs (iDCs) preferentially interact with Tregs (Sarris et al. 2008 ). This is not due to differential expression of adhesion or co-activating signals (Dustin et al. 1997 ), but to the selective Treg expression of Nrp1, e.g., blocking Nrp1 on either the DCs or Tregs eliminates the preference (Sarris et al. 2008) . As microglia are the resident antigenpresenting Nrp1-expressing cells of the CNS (Olson et al. 2001) , we hypothesized that Nrp1 might also mediate this type of functional interaction for Tregs and microglia.
To investigate the hypothesis that microglial modulation by tuftsin through Nrp1 underlies the beneficial effects of tuftsin in EAE, we have induced EAE in mice lacking Nrp1 expression in their macrophages and microglia. Here, we show that this selective Nrp1 ablation renders tuftsin treatment ineffective for EAE. Nrp1, which is expressed on both Tregs and DCs, homodimerizes in trans to facilitate cell-cell interactions between them. We show here that Nrp1 similarly mediates extended contacts between microglia and Tregs, which have not previously been shown to interact by direct contact, and that the interaction triggers TGFβ release. Taken together, our work identifies molecular determinants for the cellular interactions between microglia and Tregs and suggests therapeutic promise for the use of tuftsin in treating EAE/MS.
Time-controlled Drug Delivery
Alzet mini-osmotic pumps (Durect, Cupertino, CA) were used for time-controlled drug delivery. 28-day pumps (rate of infusion 0.25μl/hr, 250μl total volume) were filled with PBS or 500μM tuftsin (Sigma) and incubated at 37°C overnight. The pumps were implanted subcutaneously in the back of adult female C57BL/6 mice (8-10 weeks old) under anesthesia the same day as the initial MOG immunization.
Tissue collection and processing
Mice were deeply anesthetized with intraperitoneal injection of 2.5% avertin (0.02ml/g body weight) and transcardially perfused using PBS (pH 7.4) followed by 4% paraformaldehyde (PFA) in PBS (pH 7.4). Spinal cords were isolated, post-fixed in 4% PFA, and dehydrated in 30% sucrose. After the meninges were removed, the spinal cord was cut into equal sections, embedded in optimal cutting temperature compound (Tissue Tek), frozen and stored at −80°C.
Immunofluorescence
Cells used for immunofluorescence were fixed for 30 minutes at room temperature in 4%PFA, while slides were incubated for 5 minutes in PBS to remove residual OCT. After washing with PBS, samples were blocked in serum of the host of the secondary antibody (5% serum and 0.3% BSA in PBS with 0.2% Triton-X 100), and then incubated overnight with rabbit anti-mouse Iba1 (1:500, Wako), mouse anti-mouse iNOS (1:500, BD Biosciences), mouse anti-mouse Arg-1 (1:500, BD Biosciences), rat anti-mouse CD206 (1:50, R&D Systems), rat anti-mouse CD86 (1:50, Millipore), rat anti-mouse CD11b (1:200, Serotec), and rabbit anti-mouse p-Stat6 (1:100, Cell Signaling) in 0.3% BSA in PBS with 0.2% Triton-X 100. After washing with PBS, sections were incubated with fluorescenceconjugated FITC or Cy3 goat anti-rabbit or rabbit anti-mouse secondary antibody and Streptavidin-conjugated Cy3 (to detect bound biotinylated tuftsin) for 1 hour at room temperature, washed 3 times with PBS, and mounted using Fluoromount-G with DAPI (Southern Biotech, USA). For experiments where two markers were used for staining, (e.g. Iba1/iNOS or Iba1/Arg1), yellow fluorescence is indicative of double-positive signal. DAPI was included in images as an indicator of cell density in lesion areas. The cells were imaged using a Nikon Eclipse E600 microscope or a Zeiss LSM 510 confocal microscope.
Fluoromyelin staining
Slides were rehydrated in PBS for 5min, incubated with fluoromyelin-staining solution (1:300, Invitrogen) for 20min at room temperature, washed, and mounted with Fluoromount-G (Southern Biotech). ImageJ freeware (NIH) was used to measure the demyelinated and total areas of the white matter. In brief, images were cropped to remove the grey matter regions prior to quantification. To distinguish between positive-staining white matter areas and demyelinated regions, thresholding was utilized in order to obtain a binary signal. The demyelinated area was determined by subtracting the myelinated region from the total area, and percentage calculated as shown below. Six full coronal sections were analyzed for each biological replicate. Nissen and Tsirka Page 4 Glia. Author manuscript; available in PMC 2017 June 01.
Flow cytometry
After undergoing EAE for 21 days as described above, animals were euthanized by saline perfusion to clear tissues of blood with the aim of reducing circulating macrophage/ monocyte contamination. Spinal cords were isolated and the lumbar region was digested in papain. Following trituration, cells underwent density centrifugation in 30% Percoll to remove myelin debris, and blocked with CD16/32 Fc Block (1:50) for 30 min. These were then stained with CD11b-APC (1:100), CD86-PE (1:50), and CD206-FITC (1:50) (Biolegend) for 30 min, and washed 2x with FACS Buffer. Samples were analyzed using a BD FACSCalibur machine.
Mixed cortical cultures for primary microglia isolation
Microglia were isolated as described (Rogove and Tsirka 1998) . In short, newborn (d0-d2) pups of wild-type mice were used to isolate cortical cells. The brains were removed, and cortices were freed from meninges, hippocampi and basal ganglia, and then digested in 0.25% Trypsin/EDTA (Sigma) at 37°C for 20min. To obtain a single-cell suspension, the tissue was triturated and filtered through a 40 μm cell strainer, and plated in mixed cortical medium (DMEM, 10% FBS, 40μg/ml Gentamycin). Tissue culture plates used for plating mixed cortical cultures were coated overnight at 4°C with 5μg/ml poly-D-lysine (PDL, Sigma).
The medium was changed 3 days later and microglia harvested at day 10. Briefly, lidocaine was added directly to the culture medium at a final concentration of 1mM and the culture left at room temperature for 15 minutes. The medium containing the floating microglia was collected and centrifuged at 500g for 5 min, following which the cell pellet was resuspended in microglia medium (DMEM, 1% FBS) and cells were counted on a hemocytometer. The cultures typically are >98% pure (Caito et al. 2010; Rogove and Tsirka 1998; Siao and Tsirka 2002) .
Phagocytosis assay
As previously described (Rogove et al. 1999) , primary microglial cultures from Nrp1 WT and KO were plated on coverslips. The following day the medium above the cells was replaced with fresh medium containing pre-stained latex beads (0.8 μm diameter, Sigma) at a concentration of 0.1 μl bead suspension/ml medium. The cells were incubated at 37°C/5% CO2 for 2 hours. After thorough washing, cells were fixed in 4% paraformaldehyde for 30 minutes at room temperature. The cells were permeabilized with PBS containing 0.1% Triton-X 100 for 15 minutes at room temperature, and identified by staining with FITCconjugated isolectin-B4 for two hours at room temperature. After mounting on slides, microglia were imaged using a Zeiss LSM 510 confocal microscope. The rhodamineconjugated latex beads were visualized using excitation 529 nm/emission 550 nm and appear red; the FITC-stained microglia appear green. The content of 25-31 cells of each genotype and treatment in five fields on one plane of focus was counted, with images consistently taken in the four corners and center of each coverslip. The numbers of latex beads inside the cells were averaged, and the standard deviation was calculated over the total number of cells counted. In addition images in small slice z-stacks were taken, which allowed the visualization of beads at different depths within individual cells.
Measurement of cytokine levels
To measure TGFβ levels, the Ready-Set-GO TGFβ cytokine ELISA kit from eBioscience was utilized. Briefly, 96-well plates were coated overnight with the appropriate dilution of capturing antibody in coating buffer (0.2M sodium phosphate buffer pH 6.5). The plate was washed three times with PBS-T (PBS, 0.05% Tween-20) and blocked with Assay Diluent for 1 hour at RT. To activate latent TGFβ1, samples were treated with 20 μl of 1N HCl per 100μl of sample for 10 minutes, and then neutralized with 1N NaOH. After washing as before, 100μl of sample or cytokines standard prepared in assay diluent were added followed by 2 hour incubation at RT. After 5 washes with PBS-T, 100μl of assay diluent containing biotinconjugated detection antibody and Avidin-HRP reagent at the appropriate dilutions were added and incubated for 1 hour at RT. Following 7 washes with PBS-T, 100μl of Substrate Solution was added to each well. After 30 min incubation in the dark, 50μl of Stop Solution (2N H 2 SO 4 ) were added and absorbance at 450nm was read within 30 min on a SpectraMax microplate reader using the Softmax Pro software. Final readings were calculated with a dilution factor of 1.4 to account for acid activation/neutralization.
Primary T cell culture
Primary splenic CD4 + T cells were isolated using a CD4+ mouse T cell negative-isolation kit (Invitrogen). Briefly, a mixture of monoclonal antibodies against unwanted cells (B cells, NK cells, monocytes, dendritic cells, CD8 + T cells, erythrocytes and granulocytes) was added to spleen cells. T cells were isolated by removing the antibody-labeled cells using mouse-depletion Dynabeads and a Dynal MPC.
Tregs were generated using the Millipore FlowCellect Treg differentiation kit. The CD4+ helper T cells were cultured in a CD3-coated plate and treated with two stages of T cell activator solutions as per kit instructions. On day 4 of the seven-day procedure, Tregs for Nrp1-KO groups were treated with retroviral-Cre containing media isolated from PhoenixEco cells for 3 days to allow for incorporation of the Cre gene and excision of the Nrp fl/fl sequence to generate a Treg-specific Nrp1 knockout.
Generation of retroviral Cre
Retrovirus containing a Cre expression construct (HR-MMPCreGFP) was generated as described (Silver and Livingston 2001) . Phoenix cells were transfected with a plasmid containing Cre and GFP sequences using Lipofectamine in serum-free Opti-MEM media. After 12 hours, the media was changed to DMEM with 10% FBS and pen/strep. After 24 hours, virus-containing media were collected and used freshly.
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RT-PCR
RNA was isolated from microglia and T cells using RNA-Bee (Tel-Test), by the manufacturer's protocol. cDNA was generated by reverse-transcribing one microgram of RNA using the High Capacity Reverse Transcription cDNA kit (Applied Biosystems) on a Veriti Thermocycler. Nrp1 and GAPDH transcripts were amplified using Taq DNA polymerase with Standard Taq buffer (New England Biosystems). Primer sequences are as follows: Nrp1 forward, 5′-GGGCAGAGACTGCAAGTATGA-3′; Nrp1 reverse, 5′-AGAAATGGCCCTGAAGACAC-3′; GAPDH forward, 5′-GCACAGTCAAGGCCGAGAAT-3′; GAPDH reverse, 5′-GCCTTCTCCATGGTGGTGGA-3′.
Statistics
For multiple comparisons within a group, statistical analysis was performed using one-way ANOVA followed by a Bonferroni-Dunn test. For comparisons between groups, a two-tailed t-test was used, as indicated by the figure legends. For all figures, p<0.05 was considered significant and is marked by *; p<0.01 and p<0.001 are marked by ** and *** respectively. All results are represented as averages with error bars indicating the standard error of the mean. In all experiments, n refers to the number of biological replicates used for each condition.
Results

Elimination of microglial/macrophage Nrp1 expression prevents tuftsin-mediated reduction of disease score and weight loss in EAE
To evaluate the role of Nrp1 in mediating tuftsin's beneficial effects, we assessed the clinical course of MOG-induced EAE in mice lacking macrophage and microglial Nrp1 expression. The mice were generated by crossing Csf1R-iCre mice (Deng et al. 2010) to Nrp1 fl/fl mice (Anthonypillai et al. 2004) in the C57Bl/6 background; Csf1R-cre/ Nrp1 fl/fl F2 progeny hereafter are denoted as Nrp1-MgKO mice. Nrp1 fl/fl littermates lacking the Csf1R-iCre transgene were used for controls ("WT").
Tuftsin was delivered for 28 days starting at day 0 via implantation of an osmotic pump. Parallel delivery of the diluent, saline, as a control had no effect on EAE disease score in WT or Nrp1-MgKO mice (Fig. S1) ; thus the changes observed following tuftsin treatment can be attributed to its pharmacological effects. Clinical scores were recorded blinded to genotype. Induction of EAE in control mice elicited clinical symptoms at day 6 that gradually increased in severity through day 21 and then subsided (Fig. 1A) . In contrast, tuftsin treatment significantly attenuated the symptoms from day 9 onwards. Nrp1-MgKO mice exhibited EAE disease symptoms identical in severity to WT mice (Fig. 1A, B ), but for these mice, tuftsin administration was without effect (Fig. 1B) . To quantify the role of Nrp1 in mediating tuftsin's effects, peak and cumulative scores were compared. The peak score for WT mice (2.3±0.1) signifies that their most severe symptom was partial hindlimb paralysis ( Fig. S2 ). In contrast, WT mice treated with tuftsin had a peak score of 1.2±0.1, corresponding to a limp tail. Nrp1-MgKO mice attained a WT-like peak score (2.2±0.1) that was not improved with tuftsin (2.3±0.1). Cumulative scores were similar: WT control, 30.0±1.7; tuftsin-treated WT, 18.5±2.3; Nrp1-MgKO, 28.3±2.1; and tuftsin-treated Nrp1-MgKO, 28.4±1.6 (Fig. S2) . Taken together, tuftsin significantly reduces EAE severity via Nrp1 signaling in macrophages and microglia.
Another classical hallmark of MS and EAE is weight loss, which parallels the severity of motor symptoms (Emerson et al. 2009 ). As scores represent a subjective value determined by the observer, recording weight as an indicator of disease severity provides a measure that avoids relying on interpretation of behavior. As shown in Fig. S2 , control mice steadily lost weight until day 21, after which weight gain occurred during the recovery phase in parallel to their course of disease (Fig. 1A) . However, mice treated with tuftsin did not lose weight and in fact gained weight throughout the EAE disease course, despite the mild loss of tail tone. Conversely, Nrp1-MgKO mice in both the control and tuftsin-treated groups lost weight similarly to that seen for the WT control mice (Fig. S2) . Thus, loss of macrophage and microglial Nrp1 disrupts tuftsin's prevention of weight loss during EAE.
Persistent demyelination in mice lacking expression of Nrp1 in macrophages and microglia regardless of tuftsin administration
Demyelination is a well-defined characteristic of MS and EAE. Fluoromyelin was used to visualize myelin in the spinal cord white matter. Demyelination was evident in WT mice at EAE day 14 (6.2±0.5%), reached a peak at day 21 (25.5±3.7%), and was improved but incompletely resolved at day 28 (Fig. 1C, S3 ). Tuftsin infusion significantly reduced the demyelination at days 14 (3.6±0.2%) and 21 (5.8±1.3%). WT-like demyelination was observed in the Nrp1-MgKO mice but tuftsin treatment conferred no protection (Fig. 1C,  S3 ). The groups with substantial demyelination exhibited remyelination by day 28, although not to the level of protection provided by tuftsin treatment for the WT mice. There was no significant change in demyelination as a result of tuftsin treatment in either group at day 7 (Fig. S4) . Thus, Nrp1 expression by microglia is required for tuftsin to exert its beneficial effects on three physical and pathological hallmarks of MS -paralysis, weight loss, and demyelination.
Suppression of microglial activation by tuftsin requires Nrp1 signaling
During EAE, the infiltrating T cell attack on myelin results in the accumulation of cellular debris in injured areas. Activated microglia then arrive to clear the debris via phagocytosis (Benveniste 1997) . As the timing and extent of microglial activation contribute significantly to the ultimate outcome of EAE (Bhasin et al. 2007) , we immunostained coronal spinal cord sections for Iba1, which is expressed by resting microglia/ macrophages and becomes upregulated upon activation.
Iba1 staining of brain sections from WT and KO mice on day 0 revealed the presence of resting microglia/macrophages, as defined by their ramified morphology and long, thin processes (asterisks, Fig. S5 ). By day 14, WT control and both Nrp1-MgKO control and tuftsin-treated mice exhibited clustering of microglia with enlarged cell bodies and retracted cell processes in the white matter, presumably in demyelinating lesions, which was not observed in the WT tuftsin-treated mice. As the disease progressed to the peak at day 21, microglia with amoeboid morphology characteristic of full activation (arrowheads) as well as extensive microglial/macrophage infiltration were observed in WT mice and in Nrp1-MgKO mice with or without tuftsin treatment, whereas the WT tuftsin-treated mice displayed reduced microglial/macrophage infiltration and the cells that were observed had a ramified, resting morphology (Fig. S5) . At day 28, although the microglia in all groups were returning to their baseline status, those in the WT tuftsin-treated mice remained significantly less activated morphologically. There was no significant change in microglial activation between the groups at day 7 (Fig. S4) . Quantification of the Iba1 signal yielded a similar outcome (Fig. 1D) . These results indicate that tuftsin treatment of WT mice, but not Nrp1-MgKO mice, attenuates microglial activation during EAE.
Tuftsin infusion shifts microglia to an M2-like state in an Nrp1-dependent manner
Microglia can play both a detrimental and beneficial role in MS/EAE due to their ability to polarize along a spectrum between pro-inflammatory, M1-like or anti-inflammatory, M2-like subsets. M1-like microglia dominate in the CNS in the early stages of EAE but are then replaced by M2-like microglia during recovery (Kigerl et al. 2009 ). As the balance between the M1 and M2 populations strongly affects the MS/EAE disease course (Mikita et al. 2011) , we sought to determine tuftsin's effect on M2 polarization.
To delineate the microglial activation state, Iba1 + cells expressing low levels of both the M1 marker iNOS and the M2 marker arginase-1 (Arg1) were defined as M0 resting microglia. Cells expressing elevated levels of iNOS or Arg1 were considered to be M1 or M2 activated microglia, respectively. At day 7 post EAE induction, Arg1 and iNOS were difficult to detect in any group (Fig. S4) . At day 14 of EAE in WT control mice, 72.6% of the microglia were activated (Fig. 2) . Consistent with prior studies, M1 microglia predominated, representing 81% of the activated microglia (58.8±1.7% iNOS + cells vs 13.7±0.9% Arg1 + M2 cells). This predominance continued through day 21, when 87.8% of the microglia were activated and 77% of these were in the M1 state (67.5±1.8% vs 20.3±1.5% Arg1 + M2 cells). In contrast, only 43.0% of the microglia were activated in WT tuftsin-treated mice at day 14, and of those, only a minority (37%) were M1 (15.9±4.6% iNOS + cells vs 27.0±2.1% Arg1 + M2 cells). Of critical importance, despite the decreased total number of activated microglia with tuftsin treatment (43% vs 73% in control mice), the absolute number of M2 microglia was increased (27% vs 14%). This trend continued through day 21. Similar outcomes were observed during the recovery phase at day 28, by which time the WT control mice had converted to M1-M2 equivalence, but there was a 5:1 M2:M1 dominance in the tuftsintreated mice. Consistent with the prior findings in this study, the tuftsin-driven M2 predominance was abolished in the Nrp1-MgKO mice ( Figure 2B -E). These observations were successfully confirmed using additional M1 (CD86) and M2 (CD206) markers at day 21, by immunostaining and flow cytometry (Fig. S6 ).
These results indicate that tuftsin signaling through Nrp1 on macrophages/microglia polarizes them towards the protective M2 phenotype early in the disease, promoting antiinflammatory responses that attenuate clinical symptoms.
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Tuftsin promotes microglial phagocytosis in an Nrp1-dependent manner
A critical role of microglia in degenerative neurological disorders is to phagocytose cell debris to allow for functional recovery (Neumann et al. 2009 ); disruption of the phagocytosis during EAE exacerbates demyelination (Matta et al. 2007 ). As M2 microglia are more phagocytic than their M1 counterparts (Durafourt et al. 2012) , we predicted that the suppression of M2 polarization in tuftsin-treated Nrp1-MgKO animals would decrease phagocytic clearance and prevent recovery.
Microglia isolated from WT and Nrp1-MgKO pups were cultured to achieve a fully resting state before being polarized to the M1 state by LPS, to the M2 state using neuronal conditioned media (NCM) in the presence of tuftsin (Wu et al. 2012) , or were treated with tuftsin alone or left untreated as controls. These conditions were intended to represent the state of microglia in animals during the degeneration (M1) and recovery (M2) stages of EAE, with untreated cells serving as representatives of M0 resting microglia. After exposure to fluorescently-tagged latex beads for two hours, the number of phagocytosed particles was quantified (Fig. 3A) . To bypass the potential issue of bead clustering, we analyzed the cells post ingestion through quantification of the intracellular number of beads on the z-axis (Fig.  S7 ). While M1 microglia were significantly more phagocytic than M0 resting ones, they were still much less phagocytic than M2-polarized cells. However, loss of Nrp1 expression resulted in the loss of this increased phagocytic capability in response to tuftsin under M2 activating conditions. In the inflammatory M1 state, as well as the resting state or in response to tuftsin alone, there was no difference in the phagocytic capacity of Nrp1 WT or KO microglia (Fig. 3B ).
Nrp1 promotes extended contacts and functional interactions between microglia and Tregs
Although interactions between DCs and Treg have been observed in real-time (Sarris et al. 2008 ), this has not been investigated for microglia. Using time-lapse video microscopy, we examined contact times between microglia and Treg in the presence or absence of Nrp1. Microglia were isolated from Nrp1-MgKO and WT littermates. To ablate Nrp1 from Tregs, T cells from Nrp1 fl/fl mice were polarized to the Treg subset, during which time they were also transfected with a retroviral-Cre expressing construct (HR-MMPCreGFP) (Silver and Livingston 2001) . The resulting cells are referred to as Nrp1-TregKO, while cells not exposed to retrovirus functioned as the WT control. To confirm loss of Nrp1 expression, RT-PCR was performed to probe Nrp1 transcripts in naïve, Treg-polarized, and Treg-polarized in the presence of retroviral Cre cells (Fig. 4A) . Microglia lacking Nrp1 expression were isolated from Nrp1-MgKO mice (Fig. 4B ) and used in the resting state.
The microglial-Treg interactions were monitored for 20 minutes (Supplemental Video 1). WT microglia and Tregs had longer average interaction times than when one or both of the cell types lacked Nrp1 expression (Fig. 4A,C) . Transient contacts are indicative of T cells scanning for antigen, while longer interactions are required for rearrangement of proximal signaling molecules and activation (Dustin et al. 1997) . Based on previous reports, we set a threshold of 400 seconds as the reference duration (Sarris et al. 2008) ; longer contacts were considered long/stable; shorter interactions were considered short. Long contacts were significantly reduced when homotypic Nrp1 signaling was disrupted (Fig. 4C-E) , similar to the prior study of iDCs and Treg in the periphery (Sarris et al. 2008) .
TGFβ is an anti-inflammatory cytokine integral to Treg development and function (Huber et al. 2004 ). Binding of TGFβ directly to Nrp1 on Tregs promotes their immunosuppressive capabilities, either through activation of TGFβ from its latent form (Glinka and Prud'homme 2008) , or potentially by interacting with both Nrp1 and its co-receptor TβR1 and signaling via the canonical TGFβ pathway (Nissen et al. 2013) . Activated Tregs become a 'mobile' source of TGFβ, as they are recruited to areas of inflammation and release it there (Chen and Wahl 2003) . Through cell-cell contacts, Tregs deliver inhibitory signals to target cells (Chen et al. 2001) . Long, functional contacts resulting in TCR stimulation promote Treg activation and TGFβ release (Sarris et al. 2008) . Since microglia can interact with Tregs (Ebner et al. 2013) , we assessed TGFβ levels as a measure of Treg activation by microglia.
Following the real-time video experiments, we kept the microglia and Tregs in co-culture for 4 additional days. Media were collected and an ELISA assay performed for TGFβ. WT Tregs, when exposed to WT microglia, released significantly more TGFβ than when homotypic Nrp1 interactions were disrupted through loss of Nrp1 expression for either or both cell-types (Fig. 4F ). These data indicate that Treg activation and release of TGFβ are mediated through Treg interactions with microglial APCs through Nrp1.
Discussion
Tuftsin's broad activities on phagocytic cells, especially microglia and macrophages, make the peptide a candidate for immunotherapy as evidenced by the chemical synthesis of tuftsin and its analogs for a variety of clinical studies (Fridkin and Najjar 1989) . Here, we investigated the mechanism through which tuftsin promotes recovery during EAE; Nrp1 ablation in microglia/macrophages abolished tuftsin's beneficial effects, indicating that microglial stimulation by tuftsin is requisite for the amelioration of EAE. Further, we have generated insights into the interactions between peripheral and CNS immune cells that normally do not interact outside of injury or disease.
Specific ablation of genes from macrophages/microglia alone with no off-target deletion is complex. The Csf1rR promoter drives Cre expression in ~98% of yolk-sac derived microglia in the hindbrain during development and in 80% of adult microglia (Fantin et al. 2013) . Cre expression has also been reported in ~50% of bone marrow granulocytes and splenic T cells (Deng et al. 2010) , and in ~1-2% of neurons (Del Pino et al. 2013) . At this time, there is no superior microglial-specific Cre line available for use (Abram et al. 2014) . All Cre models have inherent limitations with respect to lack of complete efficiency of deletion, or varying amounts of deletion in non-target cells; this particular Csf1R-iCre driver line has been used widely and deemed scientifically acceptable as a research tool (Arno et al. 2014; Perdiguero et al. 2014) .
Nrp1 ablation from all T cell populations in vivo results in a worsened EAE disease course characterized by a preferential Th17 lineage commitment and decreased Treg functionality (Solomon et al. 2011) . These results contrast with ours, as macrophage/microglial-specific Nrp1-MgKO mice exhibit an EAE disease course comparable to WT controls. There are several potential explanations. First, we previously showed that tuftsin promotes Nrp1 upregulation on microglia that otherwise have only very low levels of Nrp1 (Wu et al. 2012) , implying that loss of Nrp1 expression should not have great consequence for the endogenous state under baseline conditions. Further, the Tregs in these mice still express Nrp1, allowing them to bind and activate TGFβ (Glinka and Prud'homme 2008) . The disruption of antigen presentation preference (Fig. 4) could potentially be circumvented, as during EAE DCs and iDCs from the periphery are recruited into the CNS (Sagar et al. 2012) and are capable of interacting with T cells on a Nrp1-mediated basis (Sarris et al. 2008) . Thus, while infiltrating Tregs from the periphery would not be able to interact well with Nrp1-MgKO microglia, they would still make contacts with Nrp1-expressing, antigen-presenting iDCs in a Tregpreferential manner. Endogenously, Nrp1 on microglial cells has been shown to be upregulated following neuronal injury (Majed et al. 2006) . So while microglial/macrophagespecific Nrp1 knockout mice respond differently to tuftsin treatment, they would still undergo a disease course similar to WT mice. However, as macrophage/microglial-specific Nrp1-KO animals fail to show any benefits from tuftsin treatment, we can conclude that tuftsin acts primarily through macrophages/microglia.
Microglial polarization along the pro-to anti-inflammatory continuum (Mikita et al. 2011) as well as their temporal activation during EAE (Bhasin et al. 2007 ) is essential in determining whether they will function in a beneficial or harmful manner. As evidenced here, tuftsin not only seems to delay the activation of microglia, but also gives them an early, lasting prevalence of M2-polarization. The early enhancement of this polarization (at day 14 vs day 21, Fig. 2 ) suggests why the disease course in tuftsin-treated WT mice is characterized by a "soft peak" that is strongly reduced compared to control mice. Regardless, mice in all treatment groups show a steady increase in M2 microglia that only becomes predominant in control and Nrp1-MgKO mice during the recovery phase. M1 microglia have been reported to promote T cell differentiation toward Th1 and Th17 fates (Becher et al. 2006) , which induce neurodegeneration (Centonze et al. 2009 ) and impair remyelination and recovery (Li et al. 2005) . M2 macrophages are associated with increased Th2 and Treg populations (Frisancho-Kiss et al. 2009) , and M2 microglia drive oligodendrocyte differentiation during CNS remyelination (Miron et al. 2013) . However, polarization towards to M2-subset is complex, as cells can fall into several subdivisions known as M2a, M2b, or M2c phenotypes. From our results here and previous work in our lab, we speculate that animals treated with tuftsin have their microglia activated in an M2c-like manner. Firstly, we show above that high levels of Arg1 are expressed in the microglia from WT animals exposed to tuftsin, which is consistent with an M2a or M2c phenotype, but excludes M2b (Gerber and Mosser 2001; Mills et al. 2000) . Further, tuftsin-stimulated primary microglia under activating conditions produce large amounts of IL-10, which is consistent with the M2c phenotype (Gerber and Mosser 2001; Wu et al. 2012) . Most interestingly, M2c macrophages appear to need a two-hit activation process, with an initial non-specific activating signal that does not induce polarization on its own, but when combined with a second stimulus reprograms macrophages to produce IL-10. This is identical to what we saw with the combination of tuftsin and NCM in our previous work (Edwards et al. 2006; Wu et al. 2012) . Taken in whole, we conclude that tuftsin functions by promoting an overall anti-inflammatory environment in the CNS during EAE that is critically important for attenuating disease pathology.
When observing the release of TGFβ in cocultures of Treg and microglia, we observed slightly elevated cytokine levels when WT Tregs were exposed to Nrp1-MgKO microglia. It is possible that this is due to TGFβ acting on the Tregs themselves via binding to Nrp1, as these Tregs are still capable of responding to TGFβ via Nrp1. While the reduction of cytokine release from the 120 pg/ml range to the 75 pg/ml range may seem small, other successful MS drugs have shown a similar change in TGFβ levels. For example, FTY720, also known as Fingolimod, is an FDA-approved drug used to treat MS. Administration of FTY720 to Treg cells increases TGFβ release from the 50 pg/ml to the 110 pg/ml range (Liu et al. 2012) . Removal of Treg cells (Kim et al. 2007) or interference with their recruitment or retention (Bystry et al. 2001 ) rapidly induces an autoimmune response even in unprimed hosts. This suggests that self-reactive T cells are constitutively present but held in check by circulating Tregs. Here, we present evidence that Nrp1 is critically important for Treg function, as it mediates the long contacts between microglia and Tregs that activate the Tregs and promote TGFβ release. These findings have implications for processes ranging from maintenance of tolerance to autoimmunity, particularly in the CNS.
Short contacts between T cells and APCs are characteristic of antigen scanning by T cells. However, long interactions seem to occur only in the presence of cognate MHC-peptide complexes, which are required for the stabilization and enhancement of immunological synapse formation (Grakoui et al. 1999) . Nonetheless, Tregs have also been reported to make three times as many long interactions with iDCs than do naïve T cells in the absence of exogenous antigen (Sarris et al. 2008) , possibly due to the bias of the TCR repertoire of Tregs towards endogenous antigens (Hsieh et al. 2004 ). This could potentially explain why we are able to observe long contacts between microglia and Treg in the absence of antigenspecific stimulation.
The Treg-microglial interaction may play a key role in many CNS disorders. Microglia have not been thought to typically interact with Tregs in the healthy state, as T cells are viewed as being normally excluded from the "immune-privileged" CNS due to the blood brain barrier (Fletcher et al. 2010) . It was recently reported, however, that TCR αβ + CD4 + Foxp3 + Tregs are present in the healthy CNS where they constitute 15% of the cerebral CD4 + T-cells (Xie et al. 2014) , hypothetically to restrain the immune response in physiological conditions. Upon injury, though, once other T cell types infiltrate, Tregs may function to oppose neurodegenerative conditions, e.g. during intracerebral hemorrhage ; adoptive transfer of Tregs is beneficial in optic nerve injury (Kipnis et al. 2004 ) and Parkinson's disease (Appel et al. 2010) . Most importantly, Tregs are critical in the EAE recovery process. Infusion of Tregs attenuates EAE symptoms (Kohm et al. 2002) and their depletion increases EAE susceptibility (Reddy et al. 2004) . Mice that do not express Nrp1 in their T cell populations exhibit severe EAE and have reduced numbers of Tregs, which implies that Nrp1 is necessary for Treg differentiation and function in vivo (Solomon et al. 2011 ).
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Our results above support the idea of Nrp1 having a dual role; first as a mediator of long interactions between microglia and Treg, and also as a ligand for tuftsin which promotes the microglial anti-inflammatory shift. We believe that these two roles work hand-in-hand to produce the overall beneficial effects we see with tuftsin infusion during EAE. Microglia preferentially interact with Treg on a Nrp1-mediated basis, which preferentially activates these immunosuppressive cells. While normally during EAE the overall environment would become more inflammatory due to demyelination and cell death, tuftsin promotes an M2 shift in microglia through Nrp1 which further supports an environment in which Treg and Th2 responses can predominate.
Taken together, our work provides evidence for direct interactions between immunocompetent microglia and Tregs in the CNS and defines Nrp1 as an essential mediator of this cell-cell communication. Our data also indicate that the effects of tuftsin on Nrp1 signaling may constitute a potential therapeutic opportunity for EAE/MS, in particular with the development of non-peptide, small molecule tuftsin mimetics.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Microglia isolated from Nrp1-MgKO or WT pups were untreated, treated with 100ng/ml LPS for 4 hours, or treated with 100ug/ml tuftsin in the presence or absence of neuronal conditioned medium (NCM) for 10 hours, and then incubated with 0.1ul/ml suspension of red fluorescent beads (0.8 um diameter, Sigma) (A). The number of beads in 25-31 cells per condition was quantified (B). ***, p<0.001; ns, not significant. . Microglia were plated in chamber slides and allowed to return to a resting state. The next day, WT or Nrp1-TregKO were added and visualized using time-lapse video microscopy. Images were taken every 10 seconds for 20min and the duration of contacts were determined by the number of frames that Treg and microglia remained in steady contact. The interaction time for each individual contact is shown in (C). The percentage of interactions longer than 400sec (D), and average contact length within each biological replicate (E) were quantified. Significance is relative to WT microglia/WT Treg. After 4 days of co-culture, media were isolated and an ELISA assay used to quantify TGFβ cytokine levels (F), Data are represented as mean ± SEM. n=3-9, **, p<0.01; ***, p<0.001.
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